We study general properties of the classical solutions in non-polynomial closed string field theory and their relationship with two dimensional conformal field theories. In particular we discuss how different conformal field theories which are related by marginal or nearly marginal deformations can be regarded as different classical solutions of some underlying string field theory. We also discuss construction of a classical solution labelled by infinite number of parameters in string field theory in two dimensions. For a specific set of values of the parameters the solution can be identified to the black hole solution.
In this talk I shall discuss the relationship between the classical solutions of the equations of motion in string field theory and two dimensional conformally invariant field theories. Let us begin by giving a brief motivation for this study.
Let us consider two different conformal field theories, each with central charge 26. Thus both of them form consistent background for the formulation of bosonic string theory. A question which naturally arises at this stage is, can these two different conformal field theories be considered as two different classical solutions of some underlying string field theory? The same question may be put in another way. Let us consider formulating string field theory around the background of one of the conformal field theories, so that the S-matrix elements calculated from this string field theory agree with those calculated from the first quantized Polyakov prescription. The question then would be: can we now identify a specific classical solution of this string field theory which will represent string theory formulated around the second conformal field theory? In this talk I shall address the question in this second form.
Yet another way of asking the question is as follows. Let S denote the string field theory action formulated in the background of the first conformal field theory and S ′ the string field theory action formulated around the background of the second conformal field theory. One then asks: is there a field redefinition which will produce the action of the second conformal field theory starting from the first one? In this formulation the question may also be regarded as the question of background independence of string field theory, since an answer to the above question in the affirmative will guarantee that the string field theory is intrinsically independent of the background in which it is formulated.
The plan of the talk will be as follows. First I shall show that any classical solution of the string field theory corresponds, in some sense, to a generalized conformal field theory. (The precise sense in which it happens will be discussed later.)
Next I shall show how, given a marginal deformation of the original conformal field theory around which string field theory is formulated, one can construct a solution of the string field theory equations of motion representing the new con-formal field theory obtained by this marginal deformation. I shall also show how, using the techniques of string field theory, one can construct an infinite parameter solution in the string theory describing c = 1 conformal field theory coupled to gravity. Finally I shall consider a case where the original conformal field theory has a nearly marginal deformation which gives rise to a new conformal field theory.
I shall again show how to construct a solution of the string field theory equations of motion that will represent this new conformal field theory. (As we shall see, the situation here is somewhat more subtle since the new conformal field theory does not have the same central charge as the original conformal field theory. Hence we need to combine this with a second conformal field theory which will compensate for the change in the central charge.)
Let us start with a brief review of the formulation of non-polynomial closed string field theory [1] [2] in the background of a given conformal field theory. (For related work in non-polynomial closed string field theory, see refs.[3 − 10] .) As is well known, the first quantized string theory is based on a two dimensional action given by,
where S matter represents a conformal field theory of central charge 26, and S ghost represents the action for the ghost fields given by,
Let H denote the combined hilbert space of the matter and ghost theory. This Hilbert space is characterized by the existence of a unique SL(2,C) vacuum |0 which is annihilated by the Virasoro generators
where L M n and L G n denote the Virasoro generators of the matter and ghost sectors respectively. Using the usual rules of conformal field theory [11], we can then establish a one to one correspondence between the states |Φ in H and the local operators Φ(z,z) in the theory through the relation:
We shall now define ghost number of various operators in the theory by assigning the fields b,b to have ghost number −1, c,c to have ghost number 1, and all the matter sector fields to have ghost number 0. This uniquely defines the ghost numbers of all the operators in the theory. We shall further assign the vacuum state |0 to have ghost number 0. This then defines the ghost number of all the states in the theory: the ghost number of the state |Φ given in eq. (3) is the same as that of the operator Φ(z,z). Finally we define the BRST charge of the first quantized theory as,
where c n etc. are defined through the relations:
The BRST charge is nilpotent, i. 
where
An off-shell string field configuration |Ψ is then taken to be an arbitrary state in H ′ of ghost number 3.
⋆
In order to specify a string field theory, we must write down an expression for the action in terms of the string field |Ψ . This is done in the following way. We 
, n i denotes the ghost number of the state A i , and σ({i l , j k }) is a phase factor which is the phase picked up during the rearrangement of the operators Q B , b
⋆ Equivalently we could call b We shall discuss the explicit construction of these multilinear maps later. For the time being let us assume that a set of multilinear maps satisfying eq. (7) exists, and see how this helps us formulate a gauge invariant string field theory. In fact, the action of string field theory takes a simple form when expressed in terms of these maps:
where {Ψ N } = {ΨΨ . . . Ψ}, and Q B is the BRST charge of the first quantized string theory. This action is invariant under the following gauge transformations:
where |Λ is an arbitrary state in H ′ with ghost number 2. The proof of invariance of the action (8) We shall not give the general construction here since it will not be needed for our purpose, but shall illustrate the construction by giving the expression for {A 1 A 2 A 3 }. This is constructed as follows. LetÃ i be the local fields such that,
Then,
where f i (1 ≤ i ≤ 3) are three conformal maps given by,
and f i •Ã i (z,z) denotes the conformal transform of the fieldÃ i (z,z) under the map
denotes the correlation function in the combined matter-ghost conformal field theory. Thus we see that given three states |A 1 , |A 2 and |A 3 , the quantity {A 1 A 2 A 3 } is completely defined by eqs. (10)- (12). The first of eq. (7) also determines
Similar expressions exist for higher point functions {A 1 . . . A N }, such that they satisfy the relations given in eq.(7). Furthermore, when one constructs a string field theory action based on these maps and eq. (8), and computes the S-matrix elements after appropriate gauge fixing, one can recover the usual expression for the S-matrix given by the first quantized Polyakov prescription. In fact the same identities (7) which are responsible for the gauge invariance of the theory also turns out to be crucial in obtaining the correct S-matrix from string field theory.
Let us now investigate some properties of the equations of motion of the theory.
The equations of motion obtained by varying the action (8) with respect to the string fields is given by: 
and expand the action in terms of the fieldΨ. It can be easily seen that the action takes the form:
whereQ B is a new linear operator and { } ′ is a new multilinear map, defined as:
Let us also define,
Note that the shifted actionŜ(Ψ) has the same form as the action (8) 
The first of these equations tell us that the operatorQ B is nilpotent. The rest of the equations are identical to those in eq. (7) given by,
where λ
i are small parameters. To order λ (0) we can indeed construct a solution of the string field theory equations of motion. This is given by:
where λ i ∝ λ In order to study this question, let us take a general solution of the form
where λ stands for any of the λ i 's. Let us also define |Ψ N = N n=1 λ n |χ n . The equation of motion to Nth order then takes the form:
We shall try to prove the existence of a solution of the above equation by induction.
In other words we shall assume that eq.(23) holds for a given value of N and then try to show that under certain conditions it also holds for N replaced by N + 1.
Since the equation holds for N = 1, this would then imply that it holds for all values of N.
The equation |E N +1 = O(λ N +2 ) can be rewritten as, We rewrite eq.(24) as,
The set of all states s| (or, equivalently, s|b We start with the case where s| is a pure gauge state. In this case eq. (25) takes the form:
In deriving eq. (26) we have used various properties of [(Ψ) M −1 ] listed in eq. (7) to express it as b
, and also that {Q B , b
We may evaluate the left hand side of eq.(26) using the properties of
given in eq. (7). Using the equation of motion (23) to order λ N it can be easily seen that the expression given in eq. (26) Before we go on, we shall apply the procedure outline above to construct a set of classical solutions in string field theory representing c = 1 conformal field theory coupled to gravity [14] . The corresponding conformal field theory is given by the direct sum of two theories, a free scalar (φ M ) field theory with central charge 1, and the Liouville field (φ L ) theory which we shall represent by a scalar field theory with a background charge Q at infinity. Q is adjusted so that the central charge 1 + 3Q 2 of this theory is equal to 25. The field φ L has Euclidean signature, whereas the matter field φ M may have Euclidean or Minkowski signature. We shall refer to φ M as 'time' and φ L as space from now on. The region φ L → −∞ corresponds to weak coupling region, hence we shall refer to it as the asymptotic region.
We shall now try to construct 'static', asymptotically flat solutions in this theory. In other words we shall look for solutions which carry zero φ M momentum, and Liouville momentum of the form −ik L with k L > 0, so that the corresponding background e kLφL decays as φ L → −∞. The first step is to classify the physical states with this property. It is well known [15] that in the zero momentum sector, the primary states in the c = 1 conformal field theory are labelled by two integers r and s and has dimension (r 2 , s 2 ). Let us denote these states by |ϕ r,s . It turns out that physical states (of ghost number 2) in the combined matter, Liouville, ghost theory satisfying the conditions of being static and asymptotically flat are of
Thus to lowest order a solution of the classical equations of motion may be written as,
The question now is whether higher order corrections cause any obstruction to extending these solutions to all orders in λ r . For this we only need to look for Let us now turn to the case where the original conformal field theory has a nearly marginal operator. Let S CF T be the action of the original conformal field theory, and ϕ(z,z) be the nearly marginal operator of dimension (1 − y, 1 − y).
It is known that in this case, if the operator product of ϕ with itself an arbitrary number of times do not produce any other (nearly) marginal operator except ϕ itself, then the perturbed action:
gives a conformal field theory CFT ′ for:
where C ϕϕϕ is the coefficient of ϕ in the ϕϕ operator product expansion. The central charge of the perturbed conformal field theory is given by,
From this we see that there is an immediate problem in generalising the previous analysis to this case: if the original conformal field theory describes a consistent background for the formulation of string theory, and hence has central charge 26, then the new conformal field theory does not. Thus we need to be somewhat more careful in formulating the problem. For this let us consider string theory formulated around the background of the original conformal field theory CF T and a free scalar field (X 0 ) theory with background charge Q, so that the total central charge 1 − 3Q 2 + c CF T is equal to 26. ⋆ This describes a consistent background for the formulation of string field theory. In this case, we can get another consistent background for the formulation of string field theory, by taking the direct sum of the conformal field theory CFT ′ and the free scalar field theory with background charge Q ′ , so that the total central charge 1 − 3(Q ′ ) 2 + c ′ CF T again becomes equal to 26. We now ask the question: if we construct a string field theory in the background of the first conformal field theory, can we construct a classical solution of this string field theory that represents the second conformal field theory?
Construction of the solution proceeds exactly in the same way as in the previous ⋆ We have, for definiteness, taken X 0 to be a time-like coordinate, but our analysis goes through without any change even if we choose X 0 to be space-like. Note that if we take X 0 to be space-like, and CFT to be one of the minimal models, the system describes minimal model coupled to gravity, with X 0 identified as the Liouville field.
case. We start with a trial solution of the form:
and try to show the existence of the solution of the equations of motion by using the method of induction. In this analysis we treat λ to be of the same order as y since from hindsight we know that this would be the case. 
The above equation has a perturbative solution of the form:
Comparing with eq.(30) we see that the coefficient of perturbation λ (0) in the conformal field theory is related to λ through the relation:
We can now construct the solution to any arbitrary order in λ following the procedure outlined above (for details see ref.
[13]). In particular we can study the order λ 3 contribution to the solution, and ask if we can see the change in the background charge from Q to Q ′ . (Note that Q 2 −Q ′2 is given by to (c CF T −c ′ CF T )/3 = (8y 3 /C 2 ϕϕϕ ) + O(y 4 ).) For this, we note that the presence of the background charge in the X 0 system is equivalent to giving the dilaton a background value proportional to QX 0 [24] . Thus a change in Q will correspond to a change in the background value of the dilaton field. Examining the solution to order λ 3 we find that such a background is indeed present in the solution. In particular, we can calculate Q−Q ′ from the solution and find that [13] : The next question is whether the interaction terms ofŜ andS can also be shown to be identical. In this case it turns out that to order λ, if we calculate the S-matrix elements from the actionŜ, they are identical to the S-matrix elements calculated in string theory in the background of perturbed conformal field theory [26] . ⋆ This, in turn, gives a strong indication that there is, in fact, a field redefinition which takes us fromŜ(Ψ) toS(Ψ). Generalization of these results to higher orders in λ has not been carried out. Also, so far, the explicit field redefinition which takes us fromŜ toS has not been constructed.
To summarise, we have shown how we can use string field theory to demonstrate that conformal field theories which are related by marginal and nearly marginal operators can be regarded as different classical solutions of the same underlying string field theory. We have also discussed how to construct explicit classical solutions of string field theory representing these perturbed theories. In this process,
we have obtained string field theoretic expression for the β-function and the central charge of the perturbed conformal field theory. Finally, for c = 1 conformal field theory coupled to gravity, we have explicitly constructed an asymptotically flat, static (possibly singular) solution labelled by infinite number of parameters.
For a specific set of values of the parameters the solution reduces to the recently discovered black hole solution.
